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ACCHAROMYCES cerevisiae Acting-Binding Protein 1 (Abp1p) was the first described member of a highly conserved family of actin-binding proteins (Drubin et al. 1988) found in diverse organisms including fungi, worms, flies, and humans. The common features of these proteins are an N-terminal Actin Depolymerizing Factor Homology (ADF-H) domain (Lappalainen et al. 1998) , followed by a large, mainly unstructured central region including a Pro-Rich Region (PRR) and a C-terminal SH3 domain (Figure 1 ). The conservation among the SH3 domains of these proteins is particularly high (e.g., the human and yeast domains are 45% identical), and they recognize very similar target peptide sequences (Stollar et al. 2009 ). Given the high conservation and ubiquitous occurrence of Abp1 family members, these proteins undoubtedly fulfill a critical function, and investigating these functions is an important objective. In this work, we have used yeast Abp1p as a model to gain further insight into this family.
Abp1p was originally identified as an actin-binding protein by actin-affinity chromatography (Drubin et al. 1988) , and it has been shown to localize to cortical actin patches. Abp1p plays important roles in actin organization and endocytosis. It binds to actin filaments, but not actin monomers, mainly through the ADF-H domain (Lappalainen et al. 1998 , Goode et al. 2001 , and also possesses two acidic motifs that are required for binding and activation of the Arp2/3 complex (Goode et al. 2001) . The SH3 domain mediates biologically relevant interactions with several other proteins involved in endocytosis, such as Ark1p, Scp1p, and Sjl2p (Lila and Drubin 1997; Fazi et al. 2002; Stefan et al. 2005; Haynes et al. 2007; Stollar et al. 2009 ). The mammalian homolog of Abp1p (mAbp1), similar to the yeast Abp1p, also binds F-actin with its N-terminal actin-binding domain and is involved in receptor-mediated endocytosis (Kessels et al. 2001; Mise-Omata et al. 2003) . The SH3 domain mediates protein-protein interactions with proteins involved in synaptogenesis, endocytosis, and cell motility (Kessels et al. 2001; Fenster et al. 2003; Han et al. 2003; Cortesio et al. 2010) . mAbp1p is recruited to dynamic actin structures (Kessels et al. 2000) , and this localization is reminiscent of the localization of the yeast protein, which is found in cortical actin patches accumulating in the yeast bud but not at actin cables (Drubin et al. 1988) .
Although deletion of the yeast ABP1 gene does not result in slower growth, this deletion is synthetically lethal with deletions of SAC6, SLA1, or SLA2, which also encode actinassociated components involved in endocytosis (Holtzman et al. 1993) . In addition, combined deletion of ABP1 and PRK1, which encodes an actin patch-associated protein kinase, results in a temperature-sensitive phenotype (Cope et al. 1999 ). An interesting aspect of Abp1p function is that the in vivo requirements for its domains differ depending on the genetic background in which the assay is carried out. For example, although the SH3 domain is required in all known ABP1-dependent genetic backgrounds (Lila and Drubin 1997; Haynes et al. 2007) , certain amino acid substitutions that partially decrease the affinity of this domain for its targets cause a marked reduction in viability only in the abp1Δsac6Δ and abp1Δsla2Δ backgrounds (Haynes et al. 2007) . Surprisingly, deletion of the conserved ADF-H domain resulted in loss of viability in these same two backgrounds, but not in the abp1Δsla1Δ background (Quintero-Monzon et al. 2005) , but the functional roles of the other regions of Abp1p under varying conditions remain unknown. Another uninvestigated aspect of Abp1p is its regulation through post-translation modification. Since mAbp1 is known to be phosphorylated by Src-and Syk-family kinases (Larbolette Figure 1 Conserved features of Abp1 family members. (A) Analysis of the domain structure of Saccharomyces cerevisiae Abp1p (YEAST) and other Abp1p homologs from different species: Candida albicans (CANAL), Neurospora crassa (NEUCR), Caenorhabditis elegans (CAELE), Drosophila melanogaster (DROME), and Mus musculus (MOUSE). Regions predicted with high probability to be PEST sequences or to be helical are indicated by gray brackets or green horizontal bars, respectively. Confirmed phosphorylation sites in the DROME and MOUSE Abp1 homologs are also indicated. PRRs and the boundaries of ADFH and SH3 domains were defined by using Scanprosite (http://prosite.expasy.org/scanprosite). (B) Alignment of Conserved Fungal Motifs (CFM1 and CFM2) from Abp1p homologs from diverse fungal species. The following groups of residues were shaded with the same colors: (C, I, L, V, M), (F, Y, W, H), (D, E), (N, Q), (R, K), (G, A, S, T), and P. Numbering is according to S. cerevisiae (YEAST) Abp1p. Other species included in the analysis are Kluyveromyces lactis (KLULA), Candida albicans (CANAL), Debaryomyces hansenii (DEBHA), Yarrowia lipolytica (YARLI), Sclerotinia sclerotiorum (SCLSC), Phaeosphaeria nodorum (PHANO), Neurospora crassa (NEUCR), Uncinocarpus reesii (UNCRE), Aspergillus fumigatus (ASPFU), Coprinopsis cinerea (COPCI), Ustilago maydis (USTMA), and Malassezia globosa (MALGL). A sequence logo, which quantifies conservation at each position in the alignment, is also shown. et al. 1999; Han et al. 2003; Larive et al. 2009; Boateng et al. 2012) and phosphorylated peptides from Abp1p have been identified in several global studies of yeast protein phosphorylation (Ficarro et al. 2002; Ubersax et al. 2003; Chi et al. 2007; Holt et al. 2009 ), a role for phosphorylation in the function of Abp1p might be expected.
In this study, we have analyzed the sequences of diverse Abp1 family members and identified previously unrecognized conserved motifs. By analyzing the effects of a variety of ABP1 deletion mutants assayed in several different genetic backgrounds, we have revealed functional roles for these conserved elements of Abp1p. We have also discovered that Abp1p is phosphorylated in the same region as its mammalian counterparts. Our results highlight the importance of conservation analysis and assessment of phenotypes under a variety of conditions for the elucidation of protein function.
Materials and Methods

Yeast strains and growth conditions
Yeast strains used in this study are listed in Table 1 . ABP1 gene disruption to create the abp1Dsla2Dcoil1 strain was carried out by homologous recombination at the chromosomal locus by standard PCR-based methods (Longtine et al. 1998) . Yeast cells were grown either in liquid YPD complete medium (1% yeast extract, 2% bactopeptone, supplemented with 2% glucose) or in yeast nitrogen base (YNB) minimal medium supplemented with 2% glucose (SD), unless otherwise stated. Tetrads were dissected using a Singer Instruments MSM manual micromanipulator. Yeast cells were transformed by using the lithium-acetate/SS carrier/ PEG method (Gietz and Woods 2002) . Yeast cells expressing the analog-sensitive (as) alleles were grown in YPD media at 30°to exponential growth phase (0.5 OD 600 ) and then split into two equal volumes, one-half of which was allowed to grow without treatment and the second half of which was treated with CDK inhibitor 1NM-PP1 at 25 mM final concentration.
To recover slow-growing double mutants that expressed mutant versions of Abp1p in combination with sla1 deletions, we used a similar strategy to the one described in our previous work (Haynes et al. 2007) , in which double mutants were isolated from the heterozygous diploid abp1Dsla1D strain by tetrad dissection and allowed to grow at room temperature. In the cases of abp1Dprk1D and abp1Dsla2Dcoil1 strains, the double-mutant haploid strains were transformed directly with the different genetic constructs carrying mutant forms of Abp1p.
Recombinant DNA manipulations
Plasmids used in this study are listed in Table 2 . Plasmid p6-1 contains a 3.5-kb EcoRI fragment carrying the ABP1 gene with 1.5 kb upstream from the initiator ATG codon and 180 bp downstream from the stop codon subcloned into pRS316DSalI (Haynes et al. 2007 ). This plasmid was used to generate yeast expression plasmids for wild-type (WT) and mutant versions of Abp1p using standard cloning techniques. All generated plasmids were sequenced to verify the integrity of the constructs.
Protein immunoprecipitation and Western blot analysis
Yeast-cell protein extracts were prepared from exponentially growing cells expressing WT or mutant Abp1p by lysing cells with glass beads (Lee et al. 1998) . Protein concentrations were measured using the BCA Protein Assay Reagent kit (Pierce Chemical, Rockford, IL). Protein extracts were separated on denaturing 10% SDS-PAGE using the Mini-Protean III system (BioRad). After electrophoresis, the proteins were transferred to nitrocellulose filters and detected by Western blotting with a polyclonal chicken anti-Abp1p antibody (supplied by B. Goode) using enhanced chemiluminescence.
For Abp1p immunoprecipitation, 1 mg of total protein extracted from the BY263 yeast was incubated with 1 ml of Abp1SH3 mouse monoclonal antibody (18-A, produced by the University of Toronto monoclonal antibody facility) in a total volume of 100 ml of lysis buffer [50 mM Tris-HCl (pH 7.5), 250 mM NaCl, 5 mM EDTA, 1 mM DTT, 0.1% NP-40, 50 mM NaF, and protease inhibitor cocktail (Sigma)]. After incubation at 4°for 1 hr, 15 ml of a 50% (v/v) Protein A-Sepharose slurry in lysis buffer was added and further incubated overnight at 4°. The resin was washed three times with 1 ml of wash buffer containing 50 mM Tris-HCl (pH Strains from the deletion consortium are isogenic to the parent strain, BY4741 (MATa ura3D0 leu2D0 his3D1 met15D0), which is also derived from S288C (Brachmann et al. 1998 ).
7.5), 250 mM NaCl, 5 mM EDTA, 1 mM DTT, and 0.1% NP-40 and then resuspended in SDS-gel loading buffer or phosphatase reaction buffer [10 mM Tris-HCl (pH 7.5), 1 M NaCl, 10 mM MgCl 2 , 1 mM DTT, and 0.1 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) (Sigma)]. Immune complexes were visualized by Western blotting with anti-Abp1p antibody. In some experiments, membranes were stripped of anti-Abp1p and reprobed with anti-tubulin antibody (Sigma).
In vivo labeling experiments
For overexpression of Abp1p, plasmid pRS426-ABP1 was transformed into strain BY263. Transformants were grown to mid-log phase in SD-URA, transferred to YPD for two generations, and then shifted to YPD minus Pi and allowed to duplicate once. The cells were pelleted and concentrated 20-fold to a final volume of 5 ml in YPD-Pi, and 1 mCi of [ 32 P] orthophosphate (Dupont/NEN) was then added. After 1 hr of incubation with shaking, cells were collected by centrifugation, washed with 50 mM NaF, and flash-frozen. 32 P-labeled Abp1p was immunoprecipitated, subjected to SDS-PAGE, transferred to a nitrocellulose membrane, and detected by autoradiography. The nitrocellulose membrane was further analyzed by Western blotting.
Phosphatase treatment
Whole-cell extracts were obtained following the procedure described above using a modified lysis buffer [100 mM Tris (pH 8.0), 100 mM NaCl, 2 mM MnCl 2 , 10% glycerol, 1 mM DTT, and protease inhibitor cocktail (Sigma)]. For phosphatase treatment (Ho et al. 1999) , 100 mg of total proteins were used and incubated for 30 min at 30°in a total volume of 20 ml of lysis buffer in the presence of 2 mM MnCl 2 and 1600 U of l-phosphatase (New England Biolabs). Where indicated, the protease/phosphatase inhibitor (250 mM NaF, 10 mM EDTA, 4 mM sodium orthovanadate, 2 mM AEBSF) was added. The phosphatase reaction was stopped by addition of SDS sample buffer, and lysates were analyzed by Western blotting.
Spot dilution growth assays
To assay growth on solid media, yeast cells were grown overnight to saturation in selective media supplemented with 2% dextrose and the appropriate amino acids. Five microliters of 10-fold serial dilutions of equivalent cell concentrations (0.1 OD 600nm ) from each strain expressing WT or mutant Abp1p variants was spotted onto minimal media lacking uracil (SD-URA). Growth differences were recorded following incubation of the plates for 48 hr at the indicated temperature. In some cases, 5 mM caffeine (Sigma) was added to emphasize growth defects. All growth assays were repeated at least three times, and one representative experiment is shown in Figure 2 .
Protein stability assays using cycloheximide
For analyses of protein stability, yeast cultures were grown in SD-URA to exponential growth phase (0.5 OD 600nm ) and divided in two halves. One-half was allowed to continue growth, and 35 mg/ml of cycloheximide (Sigma) was added to the other. Subsequently, equal numbers of cells were collected after 4 hr by centrifugation and immediately frozen; degradation was stopped by the addition of 1 mM sodium azide. Proteins were extracted from whole-cell lysates, as described earlier, and analyzed by Western blotting using anti-Abp1p and antitubulin probes. Three independent experiments were carried out, and one representative experiment is shown in Figure 4D .
NMR spectroscopy
The extended Abp1p SH3 domain construct, which included the SH3 domain and the 28 residues lying N-terminal to the ABP1 overexpression plasmid, contains a 3.5-kb EcoRI fragment from p6-1 and subcloned into pRS426
This study EP1-E11 (pCDC28) CDC28 with its own promoter and terminator subcloned in a MAGIC plasmid C. Boone lab domain, was expressed as a thioredoxin fusion with a tobacco etch virus protease cleavage site and was purified as described previously (Stollar et al. 2009 ). The 1 H-15 N HSQC spectrum of the extended construct was collected using standard methods (Kay et al. 1995) at 30°on a Varian 500 MHz spectrometer equipped with pulsed field gradients and a triple resonance probe with actively shielded z-gradients. Data were processed and analyzed using NMRPipe/NMRDraw (Delaglio et al. 1995) and NMRView (Johnson and Blevins 1994) . Spectra were recorded in 50 mM sodium phosphate, 100 mM NaCl, and 1 mM EDTA (pH 7.0). Using the established assignments of Ark1p peptide-bound and free Abp1p SH3 domain (E. J. Stollar H. Lin, A. R. Davidson, and J. D. Forman-Kay, unpublished results), peptide titrations were used to monitor the movement of peaks and assign the final position of the Abp1p SH3 domain:PRR peptide complex resonances. Almost all of the peptide complexes were exchanging in the fast timescale regime facilitating this method of assignment. The 1 H-15 N HSQC spectrum of the extended PRR-SH3 domain construct was essentially superimposable on that of the SH3 domain: PRR peptide complex; thus, further experiments to assign the peaks within this spectrum were unnecessary. Amide hydrogen chemical shift differences were calculated as previously described (Stollar et al. 2009 ).
Results
Conserved sequence features are found in the Abp1 family
To gain more insight into the functionally important regions of the Abp1 protein family, we compared the sequence features of these proteins from diverse fungal and higher eukaryotic species. As seen in Figure 1A , all members of the family possess an N-terminal ADF-H domain and at least one C-terminal SH3 domain. In addition, a PRR containing at least 10% Pro is found upstream of the SH3 domains in all cases. Using the algorithm Epestfind (http://bioweb2.pasteur.fr/ docs/EMBOSS/epestfind.html), we were also able to detect sequences predicted with high PEST scores within the PRR regions of all Abp1p homologs examined. The prevalence of PEST sequences, which have been shown to mediate protein degradation (Rogers et al. 1986; Rechsteiner and Rogers 1996) , within the whole Abp1 family has not been previously reported.
Since regions C-terminal to the ADF-H domain in mouse Abp1 were predicted with high confidence to form helices, we searched for predicted helices in other homologs using the Jpred3 algorithm (Cole et al. 2008) . We found that all members of the Abp1 family displayed predicted helices within the same region ( Figure 1A) . Furthermore, examination of the predicted helical regions of the fungal homologs revealed two highly conserved sequence motifs, Conserved Fungal Motifs 1 and 2 (CFM1 and CFM2) ( Figure 1B ). CFM1 lies just amino terminal to the first conserved predicted helix, and CFM2 lies within a predicted conserved helix ( Figure  2A ). These motifs are very conspicuous because they lie within an area of these proteins that is generally highly diverse in sequence despite the conserved presence of predicted helices. The conservation of CFM1 ( Figure 1B ) is particularly striking since it is found even in very distantly related Abp1p orthologs from Basidiomycete species (Ustilago, Coprinopsis, and Malassezia), which diverged from S. cerevisiae at least 500 million years ago (Taylor and Berbee 2006) .
Deletion of the ADF-H domain reveals a functional role for CFM1
To assess the biological roles of the conserved features identified in Abp1p, we constructed plasmids expressing mutant versions of Abp1p with various regions deleted. The biological activity of these plasmid-expressed proteins was tested in several yeast genetic backgrounds in which Abp1p is required for viability under some conditions. These backgrounds included abp1Dsla1D, which is unable to grow at 30°, but can be propagated at room temperature (Haynes et al. 2007) , and abp1Dprk1D, which is unable to grow at 37° (Cope et al. 1999) . We also utilized a strain combining abp1Δ with a partial deletion of SLA2 (sla2Δcoil1), which displays impaired growth at 37° (Wesp et al. 1997) . Transformation of these mutant strains with the plasmid expressing wild-type ABP1 resulted in robust growth while cells containing an empty vector did not grow under the restrictive conditions ( Figure 2B ), confirming the requirement for Abp1p in these strain backgrounds and growth conditions.
As has been previously observed (Haynes et al. 2007) , expression of Abp1p lacking its SH3 domain resulted in growth that was no better than vector alone in all conditions and in genetic backgrounds in which Abp1p was required. By contrast, deletion of the central region (residues 200-440) or PRR region (residues 440-530) caused no growth defects as compared to WT under any conditions. Deletion of residues 47-200 (abp1DADF-H), which includes the conserved ADF-H domain (residues 1-144), caused only a partial reduction in viability in the abp1Dsla1D and abp1Dprk1D backgrounds, yet no growth was observed in abp1Dsla2Dcoil1 at 37°. These results are consistent with another study in which the ADF-H domain was found to be essential for viability in an abp1Dsla2D strain, but not in an abp1Dsla1D strain (Quintero-Monzon et al. 2005) ; however, the abp1Dprk1D and abp1Dsla2Dcoil1 were not tested in this previous study. We also tested a deletion in which both the ADF-H domain and central region were deleted (Δ47-440), but this mutant was very poorly expressed and meaningful growth data could not be obtained.
The presence of an ADF-H domain, which binds to actin, is a conserved feature of all Abp1p homologs; thus, it was surprising that this domain was not fully required for growth under all conditions. Since a second actin-binding activity was identified in the putative helical region of mouse Abp1, we investigated the possibility that the CFM1 or CFM2 motifs (Figure 1) , which are within the same region of yeast Abp1p, might play a functional role when the ADF-H domain is deleted. As shown in Figure 2B , combining a deletion of CFM1 (D217-232) with a deletion of a fragment including the ADF-H (Δ47-200) domain resulted in a much greater reduction in growth than deletion of either region alone under the conditions where the ADF-H domain was not essential for growth. Importantly, the expression levels of all three of these Abp1p deletion mutants was very similar ( Figure 2C ). It should be noted that different stress conditions were used in these assays as compared to those described above because these conditions were found to best emphasize the effect of the CFM1 deletion. We did not observe any reduction in viability when a deletion of the CFM2 motif (D309-324) was combined with an ADF-H domain deletion, suggesting that this region possesses a function distinct from that of the CFM1 region.
Yeast Abp1p is phosphorylated within the PRR
Since mAbp1 is phosphorylated (Larbolette et al. 1999; Han et al. 2003; Larive et al. 2009; Boateng et al. 2012 ) and several phosphorylated peptides from yeast Abp1p have been identified in large-scale studies (Ficarro et al. 2002; Ubersax et al. 2003; Holt et al. 2009 ), we sought to further investigate the possible phosphorylation of Abp1p. Interestingly, Abp1p migrates as a double-protein band on SDS-PAGE gels (Drubin et al. 1988) . To determine whether the existence of this double band is due to phosphorylation, whole-yeast extracts were treated with l-phosphatase, and the electrophoretic mobility of the treated protein was evaluated. As seen in Figure 3A , phosphatase treatment caused the disappearance of the band of faster mobility, implying that this band represents a phosphorylated form of Abp1p. When phosphatase and phosphatase inhibitor were added to the reactions, the faster band remained. To confirm that this band contained phosphate, cells were grown in 32 Porthophosphate, and immunoprecipitated Abp1p that had incorporated 32 P was visualized on SDS-PAGE gels by exposure to film. It can be seen that a labeled band was observed in a WT extract, but not in an extract from an abp1Δ strain ( Figure 3B) . Furthermore, the labeled band was more intense in extracts of a strain carrying a plasmid that overexpressed Abp1p. Western blotting of the same gels demonstrated that the 32 P-labeled bands corresponded to the faster-migrating band of Abp1p, confirming that this band is phosphorylated.
To identify which region of Abp1p was phosphorylated, Western blots were carried out on extracts of an abp1Δ strain carrying the ABP1 mutant plasmids described above. Bands of similar intensity were detected in each of these extracts, indicating that the various deletions did not have a large effect on Abp1p expression or stability. In addition, a double band was detected in all extracts except when the PRR was deleted ( Figure 3C ). The absence of phosphorylation of this mutant was confirmed by phosphatase treatment ( Figure 3D , bottom). Since this result indicated that the phosphorylation site was located within the PRR, we mutagenized all Ser and Thr residues within this region (no Tyr residues were found in the PRR) as a means to identify the specific site of phosphorylation. As expected, simultaneous replacement of all nine Ser and Thr residues within the PRR with Ala (S*T*PRR) abrogated phosphorylation as detected by the absence of the faster-migrating Abp1p band. The remaining band, which comigrated with the upper band in the WT Abp1p extract, was not affected by addition of phosphatase. By substituting each Ser and Thr residue in the PRR individually, we found that only substitution of Thr526 (T 526 A) resulted in a loss of phosphorylation. Thus, we conclude that phosphorylation of Thr526 causes the change in mobility of Abp1p observed in SDS-PAGE. Although this site is clearly phosphorylated, the Thr526Ala substitution did not cause a detectable growth phenotype in any of the ABP1-dependent strain backgrounds described above (data not shown). In addition, testing of a phosphomimetic Thr526Glu substitution in the abp1Δ/ prk1Δ and abp1Δ/sla2Δcoil1 backgrounds did not reveal a growth phenotype (data not shown).
Cdc28p and Pho85p phosphorylate Abp1p
The sequence surrounding the Thr526 residue (TPEK) exactly matches the CDK consensus phosphorylation site [(S/T)-P-X- (K/R)], and this region was predicted with very high probability to be phosphorylated by the yeast CDKs, Cdc28p, and Pho85p using the Predikin software . To determine whether Abp1p is a target of these CDKs, we assessed the level of Abp1p phosphorylation in yeast strains carrying inhibitor-sensitive alleles of CDC28 (cdc28-as) and PHO85 (pho85-as). In these strains, kinase activity can be specifically inhibited by the addition of specific nucleotide analogs (Carroll et al. 2001; Ubersax et al. 2003) , such as 1NM-PP1, which is the compound that we used here. As can be seen in Figure 4A , phosphorylation could still be detected in strains carrying the cdc28-as and pho85-as alleles on their own, but the cdc28-as/pho85-as doublemutant strain displayed no detectable phosphoylated Abp1p. This result implies that both of these CDKs are able to phosphorylate Abp1p so that Abp1p phosphorylation persists in the single-mutant strains. It was somewhat surprising that the cdc28-as/pho85-as double-mutant strain displayed no Abp1p phosphorylation even in the absence of inhibitor. Since the cdc28-as mutant is reduced by sixfold in overall in vitro activity in the absence of inhibitor (Bishop et al. 2000) , we surmise that the loss of Abp1p phosphorylation in the doublemutant strain is the result of simultaneous partial reduction in the activity of both kinases. We show here that the pho85-as mutant is definitely inhibited further by addition of 1NM-PP1 (Supporting Information, Figure S1 ), and the specific inhibition of the cdc28-as mutant by this compound has been previously demonstrated (Bishop et al. 2000; Zimmermann et al. 2011) .
To directly test the ability of Cdc28p to phosphorylate Abp1p, a plasmid producing wild-type Cdc28p was introduced into the cdc28-as/pho85-as strain. In this case, phosphorylation of Abp1p was partially restored (Figure 4B ), proving that the presence of Cdc28p can mediate phosphorylation of Abp1p. The incomplete restoration of Abp1p phosphorylation in this strain background may be due to perturbed regulation of the plasmid-borne CDC28 gene or others factors specific to the double-mutant strain. Since many Cdc28p and Pho85p substrates are phosphorylated in a cell-cycle-dependent manner Enserink and Kolodner 2010) , we assessed the cell cycle dependence of Abp1p phosphorylation by a-factor growth synchronization experiments. Although the levels of Abp1p phosphorylation varied with time after release of a-factor arrest, these changes did not correlate with cell cycle progression as monitored by the changes in cellular DNA content ( Figure S2 ).
To determine whether any other yeast protein kinases are involved in Abp1p phosphorylation, strains bearing single deletions of known nonessential kinase-encoding genes were examined. We found that none of these 80 strains displayed any alteration in Abp1p phosphorylation as assessed by Western blotting of lysates of exponentially growing cells. Similarly, overexpression of 27 different essential kinases caused no change in the degree of Abp1p phosphorylation ( Figure S3 ).
Novel role for the PRR and phosphorylation in Abp1p stabilization
Since substitution of the Thr526 phosphorylation site with Ala did not cause a detectable growth phenotype, we sought to uncover other possible biological roles for this phosphorylation. Monitoring of the relative levels of phosphorylated and unphosphorylated Abp1p during exponential growth showed that these levels changed with a relatively greater amount of the unphosphorylated form in the early stages of growth followed by accumulation of mostly the phosphorylated form Figure 4 Investigation of the role of Cdc28p and Pho85p in the phosphorylation of Abp1p using analog sensitive (as) mutants. (A) Wild-type (WT), cdc28-as, pho85-as, and cdc28-as/pho85-as yeast strains were grown to mid-log phase (log), and then inhibitor suspended in DMSO [1NM-PP1 (+)] or just DMSO (2) was added. In A-D, cell extracts were analyzed by Western blotting using anti-Abp1p antibodies. Loading controls were performed using antitubulin antibody. (B) Extracts from cdc28-as, pho85-as, and cdc28-aspho85-as yeast cells bearing empty vector or a plasmid expressing wild-type Cdc28p (pCDC28) from its own promoter were subjected to Western blot analysis. (C) Yeast cells in stationary phase were diluted into fresh YPD broth (time 0), and the cells were then grown at 30°. Samples were removed at the indicated times, and cell lysates were analyzed by Western blotting with anti-Abp1p antibody. (D) Yeast cells bearing plasmids expressing wild-type Abp1p (WT), Abp1p with a Thr526-to-Ala substitution (T 526 A), or a mutant (DPRR/ΔPEST)-in which the PRR, including Thr526 and the PEST sequences, was deleted-were grown in the absence (2) or presence (+) of cycloheximide for 4 hr. The images were assembled from one gel with extraneous lanes removed. In C and D, lanes were extracted from the same exposure of the same gel. However, lanes containing extraneous data were excised. Lanes have been placed in boxes to indicate lanes that were not adjacent to each other in the original gel.
when stationary phase was reached ( Figure 4C ). These data suggested that the phosphorylated form may be more stable. To directly test this idea, we monitored the degradation of Abp1p over time after inhibition of protein translation by the addition of cycloheximide. Strikingly, the unphosphorylated form of Abp1p was almost completely degraded after 4 hr of incubation in cycloheximide while little change in the level of the phosphorylated form was seen ( Figure 4D, left) . Consistent with this result, the Thr526Ala mutant, which cannot be phosphorylated, was also mostly degraded after 4 hr in cycloheximide ( Figure 4D, center) . These data demonstrate that the phosphorylation of Thr526 leads to stabilization of Abp1p.
As described above, the presence of PEST sequences, which mediate protein degradation (Rogers et al. 1986; Rechsteiner and Rogers 1996) , is a conserved feature of the PRRs of both fungal and higher eukaryotic Abp1p orthologs. To determine whether these PEST regions are required for the rapid degradation of unphosphorylated Abp1p, the effect of deletion of the PRR (DPRR) on Abp1p stability after inhibition of protein synthesis was analyzed. As is shown in Figure 4D (right), the ΔPRR mutant is resistant to proteolysis after addition of cycloheximide, supporting the importance of the PEST sequences in mediating this degradation. It should be noted that the Abp1p phosphorylation site is within the region deleted in the ΔPRR mutant; thus, the increased stability of this mutant occurs in spite of its being unphosphorylated. In summary, these data indicate that protein degradation mediated by PEST sequences within the PRR is inhibited by phosphorylation of Abp1p at Thr526.
Abp1p SH3 domain can potentially form an intramolecular interaction with the PRR
Since the Abp1p SH3 domain lies immediately adjacent to the PRR region, we hypothesized that an intramolecular interaction between these two regions could play a role in regulating Abp1p activity. To test this idea, we expressed and purified a version of the Abp1p SH3 domain that included 28 residues N-terminal to the start of the SH3 domain. This region includes several PXXP motifs and the phosphorylation site at Thr526. To assess the ability of this region to interact with the SH3 domain, we collected an 1 H-15 N HSQC NMR spectrum for this construct and compared it to spectra previously collected for free and peptidebound forms of the Abp1p SH3 domain (Stollar et al. 2009 ). In this type of spectrum, a cross-peak can be observed corresponding to each amide group in the protein. The positions of these cross-peaks (i.e., their chemical shifts) are very sensitive to the chemical environment; thus, amide groups in residues close to the peptide-binding surface display significant chemical shift changes upon peptide binding. It can be seen in Figure 5A that similar changes in chemical shifts are seen when comparing the free Abp1p SH3 domain to the Ark1p peptide-bound domain (top) or to the extended Abp1p SH3 domain construct (bottom). These data indicate that the PRR of the extended construct interacts with the SH3 domain in a manner similar to a bound target peptide. We also found that a synthesized Pro-rich peptide derived from the Abp1p PRR was able to bind the Abp1p SH3 domain intermolecularly when added to the NMR sample ( Figure 5A , middle). The dissociation constant of this interaction as measured by isothermal titration calorimetry was 64.3 mM (E. J. Stollar, H. Lin, A. R. Davidson, and J. D. Forman-Kay, unpublished results) . Comparison of the NMR spectrum of this intermolecular complex with the spectrum of the extended SH3 domain construct revealed additional residues in the extended construct with significant chemical shift changes (Figure 5A, bottom) . A plot of these residues on the structure of the Abp1p SH3 domain:peptide complex shows that these residues lie on one surface of the domain ( Figure 5B ) and likely are positioned on the path that the PRR region would have to follow to engage in an intramolecular interaction with the peptide-binding surface of the domain.
Discussion
Members of the Abp1 family of proteins have been found in diverse fungal and metazoan organisms ranging from yeast to humans. The high degree of conservation seen among these proteins indicates a crucial function in all of these organisms. It is surprising, therefore, that deletion of the ABP1 gene in yeast causes no detectable phenotype and that measurable effects of ABP1 mutations are seen only when they are combined with other gene deletions (Holtzman et al. 1993; Lila and Drubin 1997; Cope et al. 1999; Haynes et al. 2007 ). These findings emphasize that deletion of functionally important proteins or regions of proteins will not always cause a detectable phenotype when tested under laboratory conditions. Thus, uncovering the roles of these conserved regions may require phenotypic assays to be carried out under a wide variety of growth conditions and genetic backgrounds. The results presented in this work clearly demonstrate the difficulties associated with assigning functions to the conserved features of yeast Abp1p, yet also show that a thorough investigation can reveal requirements for regions that at first may appear to be dispensable.
Through sequence alignment analysis, we discovered two highly conserved motifs, CFM1 and CFM2, within the fungal Abp1p orthologs. Given the high conservation of these motifs, it was striking that deletion of the whole central portion of Abp1p (Δ200-440), which includes both motifs, resulted in absolutely no reduction in viability in any strain backgrounds or growth conditions tested (Figure 2 ). We were, however, able to uncover a function for CFM1 by deleting this motif within the context of Abp1p lacking the ADF-H domain. This discovery implies that CFM1 is able to fulfill part of the function of the ADF-H domain. One possibility is that CFM1 binds actin, similarly to a charged helical sequence found in mAbp1 (Larbolette et al. 1999; Kessels et al. 2000) . It might also interact with another protein that is associated with actin. We expect that any potential direct or indirect association between CFM1 and actin would be weak because deletion of the ADF-H domain was observed to abrogate localization of Abp1p to cortical actin patches as assessed by GFP localization experiments (Quintero-Monzon et al. 2005 ). An important conclusion from our studies on CFM1 is that, even when a motif is highly conserved, its function may not become apparent unless the protein is sensitized by other perturbations, such as deletion of the ADF-H domain in this case. This type of "intragenic synthetic lethality" has been recognized in a handful of other studies (Teixeira et al. 1997; Kou and Pugh 2004; Murphy et al. 2004; Dias et al. 2008; Garrey and Mackie 2011) , but systematic searches for intragenic synthetic lethality have not been carried out. Such experiments could provide a generally applicable approach for uncovering the roles of conserved regions within multidomain proteins.
Our work has also illuminated other potentially important features of Abp1p. We have demonstrated that Abp1p is phosphorylated at Thr526 by the Cdc28p and Pho85p kinases (Figure 4) , which recognize the same consensus phosphorylation sites and are functionally interchangeable under some conditions (Nishizawa et al. 1998; Ptacek et al. 2005; Huang et al. 2007 Huang et al. , 2009 Sopko et al. 2007; Enserink and Kolodner 2010) . While other sites of Cdc28p-mediated phosphorylation have been detected in Abp1p through large-scale phosphoproteomic studies (Ficarro et al. 2002; Ubersax et al. 2003; Holt et al. 2009 ), Thr526 is the first phosphorylation site within Abp1p to be experimentally verified through mutagenesis. We cannot exclude the possibility that other residues within Abp1p are phosphorylated because some phosphorylation events may be insensitive to phosphatase or may not affect electrophoretic mobility. Our studies on Abp1p proteolysis indicate a role for Abp1p phosphorylation since the phosphorylated form of Abp1p is considerably more resistant to proteolysis than the unphosphorylated form ( Figure 4D ). Consistent with an increased stability for phosphorylated Abp1p, we observed that the relative level of unphosphorylated Abp1p peaks in mid-log phase when de novo synthesis is highest ( Figure 4C ). At later growth stages, Abp1p is either phosphorylated or degraded, so that most Abp1p present in the cell at stationary phase is phosphorylated. We also showed that Abp1p proteolysis results from the presence of PEST sequences in the PRR that are located near the site of phosphorylation (Figure 1) . Thus, phosphorylation at Thr526 appears to provide a means of regulating proteolysis mediated by the nearby PEST sequences. Since PEST sequences are a conserved feature of Abp1p homologs in fungal and mammalian species and phosphorylation within the PRR is seen in mouse (Larbolette et al. 1999; Han et al. 2003; Zanivan et al. 2008; Larive et al. 2009; Boateng et al. 2012 ) and human Abp1 (Olsen et al. 2006; Molina et al. 2007) , we propose that this regulation of Abp1p stability may be a conserved feature of this family. It is possible that the putative intramolecular interaction between the SH3 domain and the PRR, which is supported by our NMR data, is affected by phosphorylation at Thr526 since this site lies between the SH3 domain and the PRR ( Figure 5B ). This intramolecular interaction may play a role in regulating Abp1p stability through modulating the accessibility of the PRR to other binding partners. In mammalian cortactin, a protein with a similar domain layout and function as Abp1p (Olazabal and Machesky 2001) , phosphorylation has also been suggested to modulate the intramolecular interaction between a C-terminal SH3 domain and an upstream PRR (Lua and Low 2005) .
The investigation of Abp1p provides an instructive example of a protein that is highly conserved in evolution, yet deletion of the gene encoding it in yeast results in no detectable growth defects under laboratory conditions. The presence of Abp1p orthologs in divergent species implies that organisms lacking this protein would certainly display a decreased evolutionary fitness. Clearly, the requirements for survival in the natural environment over hundreds of millions of years are much more stringent than those found in the laboratory. For this reason, detection of phenotypes for ABP1 deletions in the laboratory requires additional manipulation of genetic backgrounds and growth conditions (Lila and Drubin 1997; Fazi et al. 2002; Stefan et al. 2005; Haynes et al. 2007; Stollar et al. 2009) . In this work, we show that deletions of conserved domains and motifs of Abp1p, which also must be functionally important, do not always lead to detectable growth phenotypes, yet further manipulation of conditions can reveal these phenotypes. In some cases, multiple conserved regions within a protein may have to be deleted before a phenotype emerges as we observed here in the case of the CFM1 motif. Detection of this type of intragenic synthetic lethality could be an important new addition to the repertoire of systematic approaches that are generally employed for uncovering protein functions. Due to the frequent difficulty in establishing conditions in the laboratory that can reveal phenotypes for highly conserved protein regions, we suggest that the detection of conservation is a more reliable approach for identifying functionally important regions in a protein than is the identification of phenotypes resulting from mutations. The future challenge is to detect phenotypes associated with protein regions that are strongly indicated to be important through conservation analysis. High-throughput genetics studies on strains containing deletions of one or more conserved regions of a protein may provide the means to achieve this goal. oh# DMSO# 1NM*PP1# phase*contrast#images## Pho4p*GFP# Figure S1 The direct Pho85 target , Pho4, is desphosphorylated upon Pho85 inhibition with 1NM--PP1 and shuttled from the cytoplasm to the nucleus. pho85--as/cdc28as strain was transformed with an expression plasmid containing a Pho4p--GFP fusion construct under the control of the ADH1 promoter (BA1828, B. Andrews lab). Cells were grown to an OD 600 of 0.5 (0h) and treated with DMSO or 25 μM 1NM--PP1. Cellular localization of Pho4p was analyzed using fluorescence microscopy at 15 min after treatment. Representative fields are shown. 
